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The  X-ray  diffraction  data  were  used  as  a  guide  to  interpret  SEM  micro¬ 
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satisfactory  to  a  greater  degree  than  had  been  expected.  The  micrographs  ob¬ 
tained  in  the  present  work  were  to  be  used  as  a  basis  for  identifying  similar 
products  in  other  micrographs. 

The  Type  I  and  Type  V  portland  cements  developed  a  dense  and  compact  micro¬ 
structure  at  early  ages  whereas  the  other  three  materials  showed  open,  porous 
microstructures  at  all  ages  examined  (7  to  28  days).  The  other  substantial  dif¬ 
ference  was  that  the  three  non-expansive  cementitious  materials  developed  and 
showed  conspicuous  amounts  of  calcium  silicate  hydrate  (CSH)  whereas  the  two  ex¬ 
pansive  materials  developed  abundant  ettringite  instead  of  abundant  and  evident 
CSH. 
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INVESTIGATION  OF  CEMENT  PASTES  AND  RELATED  MATERIALS  BY 
SCANNING  ELECTRON  MICROSCOPY  AND  X-RAY  DIFFRACTION 


INTRODUCTION 

1.  The  scanning  electron  microscope  (SEM)  permits  the  examination 
of  surfaces  of  materials  over  a  range  of  useful  magnification  from  about 
5X  to  50.000X.  The  application  of  SEM  to  cement  and  concrete  research 
is  relatively  new  and  holds  great  potential.  The  great  depth  of  focus 
of  the  SEM  allows  examination  of  fracture  surfaces  at  magnifications 
much  greater  than  are  obtainable  with  the  light  microscope.  Since  the 
magnifications  with  the  SEM  are  frequently  so  great,  many  materials  look 
considerably  different  by  scanning  microscopy  than  they  do  by  light 
microscopy.  The  visual  contrast  of  the  SEM  image  differs  considerably 
from  the  contrast  of  an  image  obtained  with  a  light  microscope.  Color 
differences  between  materials  that  are  translucent  or  transparent  or 
opaque,  and  differences  in  luster  do  not  appear  in  the  scanning  electron 
microscope.  Thus,  much  of  the  information  available  from  light  micro¬ 
scopy  is  not  directly  available  to  interpret  SEM  results.  The  compen¬ 
sating  advantages  of  the  SEM  lie  in  the  great  depth  of  field  and  the 
ability  to  achieve  high  magnifications,  which  together  offer  possibili¬ 
ties  in  investigating  the  morphology  of  hydrated  cement  that  are  unavail¬ 
able  using  light  microscopy. 

2.  A  problem  encountered  when  examining  hydrated  cement  and  con¬ 
crete  with  the  SEM  is  that  the  materials  are  poor  electrical  conductors 
and  must  be  coated  with  a  conductive  layer  of  metal  or  of  c  'bon  and 
metal.  Proper  drying  techniques  must  be  developed  and  followed  to  pre¬ 
vent  the  creation  of  artifacts  and  cracks  which  could  easily  cause  mis¬ 
interpretation  of  the  SEM  results. 

3.  The  objectives  of  this  study  were  to  examine  the  hydration 
products  of  different  types  of  cements  and  individual  cement  constituents 


proper  sample  preparation  techniques,  and  to  initiate  a  data  file  of 
micrographs  of  hydrated  cements  and  cement  constituents. 

4.  All  of  the  starting  materials,  and  parts  of  each  hydrated  sam¬ 
ple,  were  examined  by  X-ray  diffraction  (XRD) ,  either  as  smooth  ground 
slabs  or  as  tightly  packed  powders,  to  permit  better  interpretation  of 
the  micrographs  and  to  determine  whether  the  phases  produced  in  hydra¬ 
tion  were  those  to  be  expected  in  the  hydration  of  the  starting  materials 


SAMPLES  AND  TESTS 


5.  The  samples  used  to  prepare  pastes  were: 

Synthetic  Materials 

Alite  clinker;  Prepared  by  Alexander  Klein  in  con- 

"Ettringite  anhydride"  nection  with  research  sponsored  by 

the  National  Science  Foundation,  con¬ 
ducted  at  the  University  of  California 
Berkeley,  California. 

The  cooperation  of  Mr.  Klein  in  providing  these  two  samples  was  of  great 
assistance. 

Cements 

Type  I  (Test  report  No.  NAP-317-71) 

Type  V  (Test  report  No.  REC-319-71) 

Type  K  (Self  Stressing) 

6.  Chemical  analysis  of  the  alite  and  chemical  and  physical  analy¬ 
ses  of  the  three  cements  are  shown  in  Tables  1  through  4.  There  was  no 
chemical  analysis  of  the  ettringite-forming  material. 

Sample  Preparation 

7.  The  alite  clinker  was  ground  to  pass  a  45-ym  (No.  325)  sieve 
before  subsequent  sample  preparation  took  place.  A  sample  of  alite,  of 
the  ettringite-forming  material,  and  of  each  cement  was  taken  to  repre¬ 
sent  the  starting  material.  A  portion  of  each  sample  was  mixed  as  a 
paste  at  0.5  water-solids  ratio,  placed  in  3- in. -long  plastic  vials,  and 
stored  in  a  moist  curing  cabinet  at  95  percent  relative  humidity,  except 
that  the  Type  K  cement  pastes  were  cast  in  rubber  finger  cots  to  allow 
for  expansion.  The  hydrated  pastes  of  alite  and  the  ettringite-forming 
material  were  examined  by  SEM  at  ages  of  1,  3,  and  7  days,  while  the  hy¬ 
drated  cements  were  examined  at  ages  of  1,  3,  7,  and  28  days.  Each  vial 
or  cot  of  paste  was  sawed  axially  and  the  two  halves  were  placed  in 


acetone  to  prevent  further  hydration.  One-half  of  each  sample  was  to  be 

examined  by  X-ray  diffraction  and  the  remaining  half  was  to  be  examined 

by  SEM.  The  top  and  bottom  inch  of  each  piece  was  discarded  to  reduce 

the  effects  of  sedimentation.  Each  SEM  sample  was  frozen  in  liquid 

Freon  12,  fractured  parallel  to  the  direction  of  placement,  and  placed 

in  a  freeze-dry  apparatus  to  sublime  the  ice.*  The  specimens  were  mounted 

on  sample  stubs  with  silver  conductive  paint  and  placed  in  a  vacuum 

evaporator  on  a  rotating  tilting  sample  holder.  At  a  vacuum  of  5  x  lO-^ 

-3 

torr  (6.7  x  10  pascals),  a  50-A**  (approximate)  layer  of  carbon  and  a 
200-A  (approximate)  layer  of  60  percent  gold-40  percent  palladium  was 
deposited  on  each  specimen.  Then  the  specimens  were  stored  in  a  nitrogen- 
filled  dessicator  until  they  were  examined  by  SEM.  The  samples  repre¬ 
senting  the  starting  material  of  each  specimen  were  attached  to  the  speci¬ 
men  stub  with  double-backed  tape  before  they  were  coated  with  carbon  and 
gold-palladium.  As  an  experiment,  a  3-day-old  SEM  sample  of  the 
ettringite-forming  material  was  oven-dried  at  105°  C  instead  of  being 
freeze-dried  before  being  coated;  another  3-day-old  sample  of  this  mate¬ 
rial  was  prepared  as  usual. 

8.  All  of  the  samples  were  examined  with  an  AMR-900  scanning 
electron  microscope  at  an  accelerating  voltage  of  21  kv. 

9.  The  sawed  surface  of  the  hydrated  samples  of  each  specimen 
designated  for  XRD  examination  was  ground  smooth  using  abrasive  dispersed 
in  acetone.  However,  since  the  samples  of  hydrated  ettringite-forming 
material  crumbled  during  sawing,  each  XRD  sample  was  ground  to  pass  a 
45-)jm  (No.  325)  sieve  and  examined  as  a  tightly-packed  powder.  The  sam¬ 
ples  of  starting  materials  were  also  examined  as  tightly-packed  powders. 
All  of  the  XRD  samples  were  examined  in  static  nitrogen  atmosphere  in  a 
vapor  hood.  A  warm  solution  of  BaCOH^  was  placed  in  the  hood  with  the 
hydrated  samples  to  prevent  carbonation  and  dehydration.  All  of  the  XRD 
patterns  were  made  using  a  diffractometer  with  nickel-filtered  copper 
radiation  at  2.0  and  again  at  0.2  deg/min  at  a  full-scale  deflection  of 
log  4000. 

*  Present  practice  is  to  wait  until  after  the  specimen  has  been 
freeze-dried  to  fracture  the  surface  that  will  be  examined. 

**  10  angstroms  =  1  nanometre. 
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elected  samples  of  hydrated  cement  were  polished  and  exam- 
metallographic  microscope.  These  samples  were  then  coated 
and  gold-palladium  and  examined  with  the  SEM.  No  useful 
obtained  from  this  procedure  and  it  was  deleted  from  the 

I  • 

tandard  cement  chemists'  notation  was  used  as  follows: 

C  for  CaO 
A  for  AI2O3 
S  for  Si02 
F  for  Fe203 


H  for  H20 
for  SO3 
C  for  CO2 


RESULTS  OF  EXAMINATION  WITH  THE  SCANNING  ELECTRON  MICROSCOPE 


Alite 


12.  The  alite  was  ground  to  pass  the  45-pra  (No.  325)  sieve  and 
was  almost  certainly  coarser  than  the  two  portland  cements.  At  an  age 
of  1  day,  the  partially  hydrated  alite  grains  were  covered  with  calcium 
silicate  hydrate  (CSH)  (Figure  1)  which  appeared  as  fibrous  crystals  cov¬ 
ering  original  alite  grains  (Figures  2  and  3).  These  crystals  had  rounded 
ends  and  appeared  to  be  oval  to  diamond  shaped  in  cross  section  (Fig¬ 
ure  3).  Approximately  90  percent  of  the  surface  of  the  specimen  was  cov¬ 
ered  by  clusters  of  CSH.  After  3  days,  most  of  these  crystals  had 
doubled  in  size  and  had  more  pointed  ends  than  at  1  day  (Figures  4  and  5). 
In  the  7-day-old  specimen  there  was  little  apparent  change  in  the  CSH 
(Figure  6).  The  clusters  appeared  to  be  interlocked  more  at  7  days  and 
there  were  several  patches  of  what  was  probably  calcium  hydroxide  (CH) 
without  covious  crystal  outlines  that  had  appeared  since  the  examination 
of  the  3-day  specimen  (Figure  7). 

Ettringite-Forming  Material 

13.  At  1  day,  there  was  little  recognizable  in  the  way  of  crystal 
shape  in  the  ettringite-forming  material  (Figures  8  and  9).  Many  large 
irregular  grains  were  coated  or  partially  coated  with  short  rods  of  et- 
tringite  that  were  usually  parallel  to  the  substrate.  The  only  major 
changes  detected  in  the  3-day-old  specimen  was  the  presence  of  a  few 
larger  ettringite  prisms  (Figures  10  and  11).  At  7  days,  gypsum  had  de¬ 
veloped  and  ettringite  had  increased.  The  texture  of  the  sample  was 
less  porous  (Figure  13).  Some  of  the  platy  gypsum  grains  exhibited  well 
developed  crystal  outlines  (Figure  14). 

14.  The  effect  of  oven-drying  sample  preparation  on  the  3-day-old 
specimen  was  small  (Figure  12)  as  compared  to  other  micrographs  of  this 
material.  The  recognition  of  new  material  in  this  sample  was  more  diffi¬ 
cult  because  of  the  persistence  of  gypsum  and  anhydrite  during  the  time 
period  used. 
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15.  At  1  day,  the  partially  hydrated  cement  grains  were  coated 
with  CH  and  CSH.  The  texture  of  the  specimen  was  denser  and  more  com¬ 
pact  than  the  texture  of  alite  paste  at  the  same  age.  The  CH  was  well 
developed  at  this  age,  but  the  CSH  appeared  restricted,  with  the  clusters 
of  crystals  very  small  and  disorganized  (Figures  15  through  17)  as  com¬ 
pared  to  the  alite  hydrate  and  the  Type  V  paste.  At  3  days,  dense  hy¬ 
dration  product  had  filled  much  of  the  available  pore  space  and  had  be¬ 
gun  to  engulf  clusters  of  CSH  (Figure  18).  At  3  days,  no  ettringite  was 
detected,  but  some  small  apparently  hexagonal  platelets  which  may  be 
tetracalcium  aluminate  monosulfate-12-hydrate  were  present  (Figure  19). 
The  platelets  resembled  a  similar  structure  in  hydrated  Type  I  cement 
paste  illustrated  and  described  by  Diamond^  as  probably  being  monosulfo- 
aluminate.  All  platy  hexagonal  tetracalcium  aluminate  hydrates  are  ex¬ 
pected  to  look  alike.  After  7  days,  the  texture  of  the  specimen  was 

more  dense,  with  much  of  the  available  pore  space  filled  with  massive 

2 

hydration  products  which  have  been  described  by  Ciach  et  al  as  being 
material  without  determinate  form  composed  of  CSH  and  CH.  A  similar 
conclusion  was  reached  by  Diamond. ^  The  amorphous  looking  material  pro¬ 
duced  a  massive  texture  in  specimens  at  7  and  28  days  (Figures  20  through 
22);  it  is  believed  to  be  CH  intimately  mixed  with  CSH. 


Type  V  Cement 

16.  At  1  day,  about  90  percent  of  the  cement  grains  were  covered 
with  clusters  of  CSH  (Figures  23  through  25)  and  small  patches  of  et¬ 
tringite  (Figure  24).  After  3  days,  most  of  the  available  pore  space 
had  been  filled  by  CSH  and  CH  (Figures  26  and  27).  After  7  days,  there 
was  little  apparent  change  in  texture  from  the  3-day-old  specimen  except 
for  the  appearance  of  several  well  developed  rods  of  ettringite  (Fig¬ 
ures  28  and  29).  As  in  the  Type  I  cement,  at  28  days  the  Type  V  cement 
had  developed  a  massive  texture  that  was  dominated  by  material  without 
characteristic  morphology  similar  to  that  described  in  the  previous 


paragraph  (Figure  30).  Ettringite  was  present  in  the  specimen  (Fig¬ 
ure  31),  but  there  was  no  trace  of  the  CSH  clusters  which  were  present 
at  the  early  ages.  They  had  presumably  been  encapsulated  by  the  massive 
hydration  product. 


Type  K  Cement 


17.  The  Type  K  pastes  were  cast  in  rubber  finger  cots  and  thus 
were  not  restrained  during  hydration.  These  pastes  were  consequently 
not  comparable  to  Type  K  cements  hydrated  under  restraint  in  concrete. 

At  1  day,  the  specimen  was  covered  with  many  stubby  prisms  of  ettringite 
and  a  few  platelets  of  CH.  After  3  days,  the  only  apparent  change  was 

a  slight  increase  in  the  length  of  the  ettringite  prisms  (Figures  32  and 
33).  However,  after  7  days,  the  ettringite  crystals  had  almost  doubled 
in  size  and  formed  well  developed  prisms.  There  was  only  a  slight  re¬ 
duction  in  pore  space  at  this  age.  By  28  days,  the  ettringite  was  well 
developed  both  parallel  to  and  normal  to  surfaces  of  the  original  cement 
grains.  However,  even  at  this  age  there  was  little  change  in  pore  space 
when  compared  to  the  1-  and  3-day  specimens  (Figures  34  through  36) .  No 
micrographs  of  1-day  and  7-day  specimens  were  successful;  the  specimens 
were  examined  but  they  tended  to  charge  to  a  greater  degree  than  most 
of  the  other  specimens  in  the  program. 

18.  The  actual  size  of  any  features  in  the  micrographs  may  be 
found  by  dividing  the  magnification  by  1000;  this  value  is  then  the  num¬ 
ber  of  mm  on  that  micrograph  that  equals  1  pm. 


RESULTS  OF  EXAMINATION  BY  X-RAY  DIFFRACTION 


19.  The  XRD  examinations  were  made  to  assist  in  interpreting 
the  SEM  results  and  to  see  how  information  from  the  two  methods  compared 
Relative  intensities  of  some  XRD  lines  which  were  not  interfered  with 
were  measured  in  chart  units  and  recorded  in  the  lower  parts  of  Tables  5 
through  9.  Since  the  charts  Were  made  with  the  rate  meter  set  to  give 
a  logarithmic  response,  it  should  be  assumed  that  all  minor  constituents 
quantitatively  expressed  have  been  exaggerated  in  amount,  and  that  the 
relation  between  trace  and  minor  constituents  and  intermediate  to  abun¬ 
dant  constituents  is  not  correctly  represented  in  the  tables.  Nonethe¬ 
less,  the  detectable  reduction  of  original  constituents  and  development 
of  hydration  products  in  each  material  through  times  up  to  28  or  56  days 
is  indicated  in  these  tables. 

Alite  Clinker  and  Pastes 


20.  The  chemical  analysis  of  the  clinker  after  at  least  7  years 
of  storage  is  shown  in  Table  1  and  the  phase  composition  by  XRD  in 
Table  5.  Minor  hydration  of  the  starting  material  in  storage  was  shown 
by  the  presence  of  traces  of  CH  and  tetracalcium  aluminate  carbonate-1 I- 
hydrate  in  the  clinker. 

21.  The  crystal  system  of  the  alite  was  investigated  by  scanning 
the  lines  between  51.5  and  52.0  degrees  two-theta  in  several  packings 
using  the  3-degree  beam  slit  with  the  high-resolution  soller  slit  and 
the  0.05-degree  detector  slit  and  several  different  linear  vertical 
scales,  time  constants,  and  chart  speeds.  All  the  packings  indicated 
two  lines  but  in  some  packings  the  line  at  lower  angle  was  the  stronger 
of  the  two  and  in  others  the  situation  was  reversed.  Considering  all 
the  results  it  appeared  that  the  starting  material  contained  both  mono¬ 
clinic  and  inverse  monoclinic  alites  by  the  criteria  of  Guinier  and 

Re gourd. ^ 

22.  Table  5  shows  the  constituents  identified  in  the  original 
clinker  and  pastes  and  changes  in  the  pastes.  The  belite  line  at 
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31  degrees  two-theta  is  not  interfered  with  except  possibly  by  alkali  sul 
fates;  this  line  is  at  2.88A  for  copper  radiation  and  is  fairly  weak  and 
rapidly  masked  in  hydrating  cements  by  the  elevation  of  the  background 
during  hydration.  For  this  reason  the  line  at  41.40  degrees  two- theta, 
2.18A,  containing  strong  lines  of  alite  and  belite  was  used  to  provide 
some  information  on  the  hydration  of  the  small  amount  of  belite  in  this 
clinker.  The  X-ray  data  (Table  5)  indicated  that  the  hydration  products 
were  CH  and  CSH. 


Ettringite-Forming  Material 

23.  The  composition  of  the  ettringite-forming  material  examined 
in  the  condition  in  which  it  existed  after  several  years  of  storage  is 
shown  in  Table  6.  The  original  composition  almost  certainly  consisted 
of  tetraclacium  trialuminate  sulfate  (C^A^S) ,  anhydrite,  and  calcium 
oxide  with  a  trace  of  periclase;  the  six  substances  listed  as  alteration 
products  were  produced  by  reaction  with  CO^  and  moisture.  The  diffrac¬ 
tion  charts  indicated  that  the  ultimate  limit  on  formation  of  ettringite 
in  the  hydration  product  arose  from  the  apparent  exhaustion  of  calcium 
oxide  and  CH  by  3  days  and  the  apparent  exhaustion  of  C^A^S  at  28  days. 
Both  anhydrite  and  gypsum  were  present  at  28  days.  The  lack  of  silica 
in  this  material  is  the  reason  no  sign  of  CSH  was  found  or  expected. 

A  Type  I  Cement  and  Its  Hydration  Products 

24.  Table  2  shows  the  chemical  analyses  and  physical  tests  of 
this  cement.  Table  7  shows  the  original  constituents  and  the  hydration 
products  and  their  changes  in  amount.  The  cement  contained  13.8  per¬ 
cent  calculated  tricalcium  aluminate  (C^A)  and  2.3  percent  SO^;  at  24  hr, 
monosulfoaluminate  (C^ASH^)  predominated  over  ettringite  in  the  diffrac¬ 
tion  pattern  and  increased  to  28  days  because  of  the  low  sulfate  to  high 
C^A  content.  Hydrogarnet  was  recognized  at  3  days  and  thereafter;  CSH 
was  recognized  at  7  and  28  days.  The  calcium  aluminoferrite  solid  solu¬ 
tion  in  the  cement  diminished  in  amount  to  7  days  but  about  the  same 
quantity  was  present  at  28  as  at  7  days.  Several  hydration  products  of 


tricalcium  aluminate  were  present,  forming  a  hump  at  higher  angle  than 

the  C^ASH^  line  at  9.9  degrees  two-theta  but  continuous  with  it  and 

running  to  about  11.8  degrees  two-theta;  the  probable  compounds  in  that 

hump  were  tetracalcium  aluminate  hydroxysulfate  hydrate,  tetracalcium 

aluminate-13-hydrate,  tetracalcium  aluminate  hemicarbonate-12-hydrate, 

4 

and  tetracalcium  aluminate  monocarbonate- 11-hydrate.  CH  was  a  major 
component  of  all  the  X-ray  patterns  of  the  hydrated  material. 

A  Type  V  Cement  and  Its  Hydration  Products 

25.  Chemical  analyses  and  physical  tests  are  shown  in  Table  3; 
the  XRD  results  appear  in  Table  8.  The  unhydrated  cement  consisted  of 
alite,  belite,  a  member  of  the  calcium  aluminof errite  solid  solution 
series,  gypsum,  calcium  sulfate  hemihydrate,  and  a  trace  of  calcite  and 
ettringite.  No  MgO  was  detected.  Belite  could  not  be  unequivocally  de¬ 
tected  during  hydration.  The  cement  contained  abundant  alite  and  rela¬ 
tively  little  belite.  During  hydration  the  belite  spacing  at  2.88A  was 
masked  by  the  increasingly  higher  X-ray  background  of  the  hydrated  sam¬ 
ples.  The  intensity  of  the  alite  line  at  1.76A  fell  below  the  intensity 
of  the  combined  alite  and  belite  line  at  2.18A  between  3  and  7  days. 

The  difference  in  intensity  of  the  2.18-A  and  the  1.76-A  lines  from  7 
through  28  days  shows  the  slower  hydration  of  belite.  The  hydration  of 
the  calcium  aluminoferrite  in  this  cement  was  apparently  negligible  after 
3  days.  The  presence  of  CH,  ettringite,  and  CSH  with  calcium  aluminate 
hydrates  with  and  without  additional  anionic  groups  which  were  tenta¬ 
tively  identified  at  different  ages  is  shown  in  Table  8. 

A  Type  K  Self-Stressing  Cement  and  Its  Hydration  Products 

26.  Chemical  analysis  and  some  physical  tests  of  this  cement  are 
shown  in  Table  4  and  the  composition  determined  by  XRD  is  shown  in  Table  9. 
While  the  cement  was  in  storage  before  the  pastes  were  made,  part  of  the 
calcium  oxide  had  hydrated  to  CH,  dehydrating  all  of  the  gypsum  to 


CaSO, -1/2H_0.  In  the  paste  at  1  day,  gypsum  was  fairly  abundant  but  it 


decreased  in  pastes  cured  to  greater  ages.  Tetracalcium  trialuminate 
sulfate  (C^A^S)  decreased  sharply  to  1  day  and  more  slowly  thereafter; 
if  the  decrease  continued  at  the  rate  indicated  after  3  days,  the  com¬ 
pound  should  be  exhausted  before  2  months.  The  decrease  in  calcium  sul¬ 
fate  is  shown  in  Table  9  but  is  not  regarded  as  entirely  trustworthy  be¬ 
cause  the  calcium  sulfate  line  used  is  located  in  a  region  of  the  pattern 
in  which  intensity  should  increase  with  continued  curing  as  CSH  is  pro¬ 
duced.  The  hydration  products  of  this  cement  differed  from  those  in  the 
ettringite-forming  material  discussed  earlier  in  that  some  CH  was  present 
in  the  Type  K  hydrate  while  none  was  detected  in  the  ettringite-forming 
material  after  1  day. 


DISCUSSION 


27.  The  scanning  electron  microscopy  of  hydrated  cements  and  hy¬ 
drated  cement  constituents  can  be  interpreted  by  reference  to  transmis¬ 
sion  electron  microscopy  of  replicas  of  hydrated  cements,  to  light  micro¬ 
scopy  of  hydrated  cements,  by  comparison  with  published  SEM  micrographs, 
and  by  reference  to  the  composition  of  the  hydration  products  as  deter¬ 
mined  by  XRD.  Transmission  electron  microscopy  of  dispersed  hydrating 
cement  and  cement  constituents  has  given  valuable  information  on  the  de¬ 
tailed  morphology  of  hydration  products  and  formed  the  foundation  needed 

to  interpret  SEM  micrographs.  Transmission  electron  microscopy  of 
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replicas  of  hydrating  cement  grains  and  of  pastes  *  *  ’  has 
shown  stages  in  the  development  of  dense  paste  and  given  information  on 
the  morphology  and  interrelation  of  calcium  aluminate-ferrite  sulfate 
hydrates  which  can  be  directly  related  to  scanning  micrographs. 

28.  One  of  the  best  ways  to  interpret  SEM  micrographs  is  to  have 
an  X-ray  detector  as  an  integral  part  of  the  SEM  to  provide  compositional 
data.  Lacking  this  interpretation  may  be  done  by  direct  comparison  with 
SEM  micrographs  containing  known  materials  or  by  correlation  with  XRD 
data  or  both. 


29.  Mills, ^  Diamond, ^  and  Williamson^  have  illustrated  in 
scanning  electron  micrographs  radial  or  spherulitic  aggregates  of  CSH 
fibers  like  those  shown  in  Figures  2  through  7  (hydrated  alite),  16,  17 
(hydrated  Type  I  cement)  and  Figures  23  through  25  (hydrated  Type  V  ce¬ 
ment).  Diamond^  used  a  SEM  equipped  with  an  energy-dispersive  X-ray 
detector  to  establish  that  the  sulfur  in  CSH  produced  from  cements  ground 
with  a  form  of  calcium  sulfate  can  be  detected  in  the  radiating  clusters 
of  CSH  fibers,  and  can  also  be  detected  in  dense  apparently  massive  CH- 
CSH  crystals  which  encapsulate  gel.  This  dense  looking  material  which 
sometimes  shows  parallel  cleavage  traces  appears  to  be  the  most  conspic¬ 
uous  feature  of  the  0.5  water-cement  ratio  pastes  at  7  and  28  days. 
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30.  Brown  and  Carlson  observed  in  1936  what  other  light  raicro- 
scopists  working  on  portland  cement  concretes  had  possibly  observed  be¬ 
fore  and  have  certainly  observed  since:  In  thin  sections  of  concretes 
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or  mortars  it  is  usually  clear  that  CH  crystals  growing  in  areas  of 
paste  contain  many  CSH  gel  inclusions;  such  CH  crystals  appear  to  be 
sponge-like  in  three  dimensions;  "poikilitic"  is  the  petrographic  term. 
Figure  1  of  Reference  7  shows  the  same  kind  of  texture  in  an  electron 
micrograph  of  a  carbon  replica  of  paste.  Copeland  et  al^  have  shown 
that  sulfate  can  enter  CSH.  These  observations  together  appear  to  pro¬ 
vide  background  for  Diamond's  detection  of  sulfur  in  CSH  and  in  the  ap¬ 
parently  massive  material  that  resembles  CH. 

31.  Diamond^  recorded  the  Ca:S  ratio  of  two  samples  of  synthetic 

ettringite  as  averaging  1.95  or  1.96.  We  have  examined  ettringite  in 

void  fillings  from  deteriorated  concrete  subjected  to  sulfate  attack; 

Diamond  examined  another  portion  of  the  same  ettringite  with  SEM  using 

an  energy  dispersive  X-ray  spectrometer  system  and  found  the  same  cal- 
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ciura  to  sulfur  ratios  as  in  the  synthetic  ettringite;  his 

micrographs  of  these  showed  hexagonal  prisms  where  cross  sections  or  ends 

of  crystals  could  be  recognized.  He  has  since  published  an  SEM  micro- 
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graph  showing  ettringite  crystals  similar  to  those  just  described. 
Diamond  has  also  noted  material  that  was  apparently  a  circular  CH  in 
hydrated  cement  paste.  Therefore,  it  seems  reasonable  to  be  extremely 
cautious  in  interpreting  needles  with  parallel  sides  as  ettringite  unless 
it  is  possible  to  determine  the  calcium  to  sulfur  ratio  as  about  1.96, 
or  to  identify  the  ettringite  by  light  microscopy,  or  to  demonstrate  by 
XRD  that  ettringite  is  present  but  CH  is  not.  The  third  situation  is 
not  to  be  expected  in  hydrated  Portland  cements.  The  first  and  second 
possibilities  exist  with  respect  to  some  void  fillings  but  do  not  exist 
if  one  wishes  to  identify  the  minute  ettringite  prisms  formed  within  the 
paste  of  hydrating  portland  cements.  In  the  case  of  the  material  that 
hydrated  to  form  ettringite  as  the  principal  product,  CH  could  not  be 
positively  detected  by  XRD  after  1  day.  In  Figure  14,  several  hexagonal 
cross  sections  of  rods  can  be  perceived;  in  a  7-day  sample  the  XRD  re¬ 
sults  on  another  part  of  this  sample  (Table  6)  contained  abundant  et¬ 
tringite  and  no  other  crystalline  constituent  capable  of  forming  hexagonal 
prisms.  Figure  35,  a  hydrated  Type  K  cement  at  28  days,  shows  well  de¬ 
veloped  hexagonal  needles  in  a  sample  that  contained  more  ettringite 


than  any  other  crystalline  constituent  but  contained  CH  as  the  next  most 
abundant  crystalline  constituent.  Generally,  the  elongated  prisms  seen 
in  the  present  micrographs  were  interpreted  as  ettringite. 

32.  In  the  discussion  of  specimens  of  the  hydrated  Type  I  cement 
the  presence  of  small  thin  plates  resembling  some  figured  by  Copeland 
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and  Kantro  as  C^(A,F)SH^2  and  by  Diamond  as  possibly  tetraclacium 
aluminum  monosulfate-12-hydrate  is  mentioned;  they  are  shown  in  Figure  19 
Both  identifications  are  probable  as  applied  to  the  hydrated  Type  I  ce¬ 
ment  examined  here,  since  tetracalcium  aluminum  monosulfate  hydrate  in¬ 
creased  in  the  XRD  patterns  from  1  day  through  28  days.  Tetracalcium 
aluminate  monosulfate- 12-hydrate  is  only  one  of  several  platy  hexagonal 
calcium  aluminate  hydrates  and  calcium  aluminate  hydrates  with  additional 
anionic  groups  that  may  be  expected  to  form  similar  hexagonal  plates. 

Some  of  these  other  hydrates  were  present  in  the  3-day  specimen  of  Type  I 
cement  although  tetracalcium  aluminate  monosulfate-12-hydrate  was  by  far 
the  most  abundant.  All  that  can  be  concluded  with  certainty  is  that 
platy  hexagonal  calcium  aluminate  hydrates,  with  and  without  additional 
anions,  were  present  and  the  micrograph  (Figure  19)  probably  shows  the 
most  abundant  one. 

33.  Examination  of  the  samples  by  XRD  assisted  in  the  interpreta¬ 
tion  of  the  scanning  micrographs  by  providing  information  on  the  phase 
composition  of  the  samples  before  hydration  and  at  stages  during  hydra¬ 
tion.  The  hydration  products  identified  in  the  hydrated  cements  and  the 
synthetic  materials  by  XRD  were  those  which  were  to  be  expected  in  the 
SEM  micrographs. 

34.  An  additional  observation,  new  to  us,  was  that  if  it  is  de¬ 
sired  to  compare  intensities  in  XRD  patterns  as  peak  height  minus  back¬ 
ground  as  a  measure  of  alteration  of  original  constituents  in  diffrac¬ 
tion  charts  of  hydrating  cements  or  synthetic  cement  constituents,  it 
seems  to  be  preferable  to  use  the  background  level  of  the  original  water- 
free  material  throughout  the  comparison.  In  these  samples,  each  of  the 
hydrated  samples,  regardless  of  age,  had  higher  background  than  the  un¬ 
hydrated  starting  material.  Tne  background  levels,  measured  at  two 


points,  increased  front  I  through  3  days  and  thereafter  decreased.  Since 


the  maximum  and  minimum  intensities  on  the  diffractometer  chart  were  ad¬ 
justed  every  morning  and  the  power  setting  of  the  instrument  reset  if 
necessary  to  give  constant  intensity  on  a  fine-grained  quartz  slab  used 
as  an  external  standard,  it  seems  reasonable  to  believe  that  the  fluc¬ 
tuation  in  the  background  level  was  related  to  the  sample  and  not  to 
electronic  instability.  It  is  probable  that  the  increase  in  background 
level  of  the  X-ray  charts  of  the  hydrated  samples  was  due  to  the  presence 
of  the  water  in  them.  We  have  observed  similar  changes  in  X-ray  patterns 

of  soil  samples  at  different  water  contents. 
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35.  In  1976,  Diamond  presented  a  comprehensive  discussion  of 
the  microstructure  of  cement  paste  with  several  SEM  micrographs.  Com¬ 
parison  of  the  present  results  with  those  and  with  his  earlier  work*  in¬ 
dicates  the  following: 

a.  The  structures  seen  in  the  appropriate  micrographs  showed 
general  similarities. 

_b.  Diamond's  use  of  both  oven-drying  and  vacuum-drying  and 
our  use  of  freeze-drying  during  specimen  preparation  all 
produced  similar  results.  This  suggests  that  the  micro¬ 
graphs  are  valid  representations  of  actual  microstructures 
at  the  water  contents  used.  It  is  believed  that  these 
ratios  of  0.5  or  0.6  for  water  to  cement  or  solids  produce 
microstructures  like  those  found  in  the  cement  paste  of 
actual  field  concretes.  Our  limited  use  of  oven-drying 
as  a  specimen  preparation  technique  agreed  with  what  has 
just  been  stated  about  this  technique. 
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36.  Diamond  and  Mather  and  co-workers  have  both  commented  to 
the  effect  that  as  hydration  of  cement  continues  with  time,  the  structure 
seen  by  SEM  becomes  dense  and  featureless.  The  same  was  true  in  this 
work  for  the  Type  I  and  the  Type  V  cements.  This  was  not  true  of  the 
alite  or  the  ettringite-forming  material  at  7  days  or  of  the  Type  K  ce¬ 
ment  at  28  days;  they  all  still  showed  a  more  open  structure  at  these 
ages.  The  encapsulation  by  CH  and  CSH  that  is  commonly  noted  in  cement 
pastes  was  less  developed  in  the  alite  and  the  Type  K  sample  and  was  en¬ 
tirely  lacking  with  the  ettringite-forming  material  since  CH  was  not 
formed  in  that  material  when  it  hydrated. 

37.  Comparison  of  our  SEM  micrographs  of  alite  (substituted  tri¬ 
calcium  silicate)  with  those  of  Lawrence  and  Young*^  of  pure  tricalcium 


CONCLUSIONS 


38.  Three  nonexpansive  cementitious  and  two  expansive  cementi¬ 
tious  materials  have  been  examined  before  and  after  hydration  to  observe 
their  microstructures  and  composition.  This  was  done  by  SEM  and  by  XRD 
with  the  emphasis  on  the  examination  of  the  hydrated  materials.  As  a  re 
suit  of  this  work,  the  following  conclusions  seem  appropriate: 

a.  The  present  results  are  in  good  agreement  with  previous 
results  found  by  others.  CH,  ettringite,  and  various 
types  of  CSH  are  usually  recognizable  by  their  morphology 
in  SEM  micrographs.  Various  other  hydrated  compounds  may 
also  be  recognized  in  such  micrographs  but  less  readily. 

t).  SEM  examination  of  fractured  surfaces  of  hydrated  mate¬ 
rials  is  an  excellent  way  to  study  their  microstructure 
and  to  follow  changes  in  microstructure  with  time. 

c.  It  is  preferable  that  such  examinations  be  augmented  by 
auxiliary  techniques  such  as  an  X-ray  emission  detector, 
or  by  XRD  data.  However,  lacking  these,  fairly  satisfac¬ 
tory  interpretations  may  be  made  by  comparison  with  other 
SEM  micrographs  for  similar  materials. 

The  SE'.  micrographs  in  this  report  will  se’rve  as  refer¬ 
ence  micrographs  for  future  comparisons. 

e.  The  SEM  examination  of  sawed  and  polished  surfaces  of 

these  hydrated  materials  did  not  provide  useful  results. 

_f.  The  Type  I  and  Type  V  cements  developed  dense,  massive 
microstructures  within  the  times  used  whereas  the  other 
three  expansive  materials  still  showed  more  open  and 
porous  microstructures  at  7-  and  28-day  ages. 

£.  The  hydration  products  of  the  alite,  the  Type  I,  and  the 
Type  V  cements  included  large  amounts  of  CSH  while  hydra¬ 
tion  of  the  ettringite-forming  material  and  the  Type  K 
cement  produced  large  amounts  of  ettringite. 

h.  Calcium  silicate  hydrate  was  not  specifically  recognized 
in  the  hydrated  Type  K  expansive  cement  although  it  would 
be  expected  since  portland  cement  is  a  major  constituent 
of  Type  K  cement. 
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Figure  1.  Alite,  hydrated  at  0.5  W/C.  Specimen  aged  1  day.  Specimen 
was  quite  porous  as  the  grains  were  loosely  cemented  by  a  surface  layer 
of  calcium  silicate  hydrate  (500X) 


Figure  2.  Alite,  hydrated  at  0.5  W/C.  Specimen  aged  1  day.  Higher 
magnification  of  center  of  Figure  1  showing  coating  of  calcium  silicate 

hydrate  (5000X) 
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Figure  3.  Alite,  hydrated  at  0.5  W/C.  Specimen  aged  1  day.  Area  shown 
is  in  the  right  center  of  Figure  2  and  shows  detail  of  the  calcium  sili¬ 
cate  hydrate;  it  is  probably  fibrous  Type  I . ^  The  diameters  of  the 
fiber  bundles  appear  to  be  about  0.1  pm  and  the  length  up  to  0.3  pm 

(10.000X) 


Figure  4.  Alite,  hydrated  at  0.5  W/C.  Specimen  aged  3  days.  Grains 
are  becoming  interlocked  as  the  needles  of  calcium  silicate  hydrate  be¬ 
gin  to  grow  together.  The  smooth  particles  in  the  upper  right  are  small 
grains  of  calcium  hydroxide  (5000X) 
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Figure  5.  Alite,  hydrated  at  0.5  W/C.  Specimen  aged  3  days.  Area  shown 
is  in  the  right  center  of  Figure  4.  In  this  area  the  clusters  of  fibrous 
Type  1^  calcium  silicate  hydrate  were  well  developed,  which  was  typical 
of  this  specimen.  Lengths  of  the  fiber  bundles  range  from  0.35  ym  to 

0.65  um  (10.000X) 
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Figure  6.  Alite,  hydrated  at  0.5  W/C.  Specimen  aged  7  days.  This 
specimen  shows  a  slight  reduction  in  pore  space  as  the  clusters  of  cal¬ 
cium  silicate  hydrate  have  grown  closer  together.  Also,  calcium  hydrox 
ide  grains  are  becoming  more  apparent  at  this  age  (2000X) 


Figure  7.  Alite,  hydrated  at  0.5  W/C.  Specimen  aged  7  days.  This  area 
is  in  the  center  of  Figure  6  and  shows  the  development  of  fibrous  Type  l1 
calcium  silicate  hydrate  and  platy  calcium  hydroxide  (10,000X) 


Figure  8.  Ettringite-forming  material,  hydrated  at  0.5  W/C.  Specimen 
aged  1  day.  This  area  shows  the  porous  texture  and  some  ettringite  reac 
tion  product  on  grain  surfaces.  Below  the  center  are  several  crystals 
which  may  be  residual  anhydrite  (2000X) 
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Figure  10.  Ettringite-forming  material,  hydrated  at  0.5  W/C.  Specimen 
aged  3  days.  This  area  shows  the  increased  development  of  gypsum  (?) 
and  the  presence  of  a  few  larger  prisms  of  ettringite  which  developed 
normal  to  the  grain  surfaces  (2000X) 


Figure  11.  Ettringite-forming  material,  hydrated  at  0.5  W/C.  Specimen 
aged  3  days.  This  is  the  center  part  of  Figure  10.  In  the  center  of 
this  figure  is  a  rod  of  ettringite  with  a  hexagonal  cross  section.  This 
rod,  1  ym  in  length,  developed  normal  to  the  grain  surface,  while  the 
majority  of  the  smaller  rods  developed  parallel  to  the  grain  surface  and 
were  typically  0.4  ym  in  length  (20.000X) 
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Figure  12.  Ettringite-forming  material,  hydrated  at  0.5  W/C.  Specimen 
aged  3  days.  It  was  dried  in  an  oven  at  105°  C  instead  of  being  freeze 
dried  before  being  coated.  The  structure  and  ettringite  reaction  prod¬ 
uct  seen  are  similar  to  those  in  Figure  9  (10.000X) 


Figure  13.  Ettringite-forming  material,  hydrated  at  0.5  W/C.  Specimen 
aged  7  days.  The  specimen  has  developed  a  more  massive  texture  by  this 

age  (2000X) 


Figure  14.  Ettringite-forming  material,  hydrated  at  0.5  W/C.  Specimen 
aged  7  days.  This  area  is  in  the  center  of  Figure  13  and  shows  several 
well  developed  platy  grains  of  gypsum  (?).  Also,  there  are  numerous 
rods  of  ettringite  that  are  developing  normal  to  the  grain  surface. 

These  rods  are  typically  0.25  pm  in  diameter  (10,000X) 
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Figure  15.  Type  I  cement,  hydrated  at  0.5  W/C.  Specimen  aged  1  day.  It 
exhibits  a  massive  texture  by  this  age.  The  surface  is  also  cut  by  sev¬ 
eral  large  cracks  (500X) 


Figure  16.  Type  I  cement,  hydrated  at  0.5  W/C.  Specimen  aged  1  day. 

The  area  shown  is  in  the  center  of  Figure  15.  Much  of  the  surface  is 
coated  by  small  crystals  of  calcium  silicate  hydrate.  The  platy  crystals 
in  the  cracks  indicate  that  the  cracks  formed  during  hydration  rather 
than  during  specimen  preparation.  They  may  be  calcium  hydroxide  or  mono- 

sulfoaluminate  or  both  (5000X) 
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Figure  17.  Type  I  cement,  hydrated  at  0.5  W/C.  Specimen  hydrated  1 
day.  This  area  is  in  the  "enter  of  Figure  16  and  shows  the  development 
of  fibrous  Type  1^  calcium  silicate  hydrate  on  the  grain  surfaces  and 
platy  material  in  the  cracks.  The  flat  crystal  in  the  center  of  the 
micrograph  is  0.15  pm  thick  (20.000X) 


Figure  18.  Type  I  cement,  hydrated  at  0.5  W/C.  Specimen  aged  3  days. 
In  this  specimen  the  more  massive  calcium  hydroxide  has  developed  to 
fill  most  of  the  pore  space  and  engulf  the  finer  hydration  products 

(2000X) 


Figure  19.  Type  I  cement,  hydrated  at  0.5  W/C.  Specimen  aged  3  days. 

Shown  is  a  small  cluster  of  hydration  products  from  the  center  of  Fig¬ 
ure  18  being  engulfed  by  calcium  hydroxide.  The  small  hexagonal  plate¬ 
lets  may  be  a  hexagonal  tetracaicium  aluminate  hydrate  such  as  tetracalcium 
aluminate  monosulfate  hydrate  which  has  formed  at  the  expense  of  ettringite 
The  platelets  range  from  0.20  to  0.25  pm  in  diameter  (10,000X) 


Figure  20.  Type  I  cement,  hydrated  at  0.5  W/C.  Specimen  aged  7  days. 
The  massive  texture  shown  was  typical  of  the  specimen.  The  calcium 
hydroxide  had  engulfed  most  of  the  other  hydration  products.  The  small 
crack  in  the  center  of  this  figure  is  0.2  pm  wide.  It  is  believed  that 
the  smaller  particles  are  equant  Type  III  calcium  silicate  hydrate^ 

(2000X) 


Type  I  cement,  hydrated  at  0.5  W/C.  Specimen  aged  28  days 
oxide  had  filled  most  of  the  pore  space  at  this  age  (550X) 
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ype  I  cement,  hydrated  at  0.5  W/C.  Specimen  aged  28  days. 
i  of  center  of  Figure  21.  In  the  left  center  is  an  area  of 
:ate  hydrate  that  has  been  engulfed  by  calcium  hydroxide 

(2200X) 
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Figure  23.  Type  V  cement,  hydrated  at  0.5  W/C.  Specimen  aged  1  day. 
Area  shows  development  of  calcium  silicate  hydrate  and  some  ettringite 
crystals  on  the  surface  of  the  grain  forming  a  porous  interlocked  coat¬ 
ing  (2000X) 
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^igure  24.  Type  V  cement,  hydrated  at  0.5  W/C.  Specimen  aged  1  day. 
Center  of  Figure  23  showing  calcium  silicate  hydrate  clusters  in  the  cen¬ 
ter  and  ettringite  in  the  lower  right  and  upper  left.  In  the  upper  right 
part  of  the  calcium  silicate  hydrate  cover  has  been  broken  off  to  expose 
a  core  of  slightly  hydrated  cement  which  does  not  appear  to  be  attached 

to  the  hydrated  layer  around  it  . 


Figure  25.  Type  V  cement,  hydrated  at  0.5  W/C.  Specimen  aged  1  day 
Center  of  Figure  24  shows  interlocked  clusters  of  fibrous  Type  1^  c 
cium  silicate  hydrate.  The  cluster  on  the  right  is  2  pm  in  diameter 

(20.000X) 


Figure  26.  Type  V  cement,  hydrated  at  0.5  W/C.  Specimen  aged  3  days. 
The  bulk  of  this  specimen  had  a  massive  amorphous  texture  as  shown  here 

( 2000X) 


Figure  27.  Type  V  cement,  hydrated  at  0.5  W/C.  Specimen  aged  3  days. 
Center  part  of  Figure  26.  In  a  few  areas  there  were  discrete  clusters 
of  calcium  silicate  hydrate  associated  with  more  massive  calcium  hydrox¬ 
ide.  The  calcium  silicate  hydrate  is  believed  to  be  the  equant  grain 

Type  III14  (10.000X) 


Figure  28.  Type  V  cement,  hydrated  at  0.5  W/C.  Specimen  aged  7  days. 
Generally,  this  specimen  was  similar  in  texture  to  the  3-day-old  sped 
men  (Figure  26) .  Most  of  the  calcium  silicate  hydrate  and  ettringite 
had  been  engulfed  by  calcium  hydroxide  (2000X) 


Figure  29.  Type  V  cement,  hydrated  at  0.5  W/C.  Specimen  aged  7  days. 
Center  of  Figure  28  showing  ettringite  rods  and  partially  engulfed  cal 
cium  silicate  hydrate  clusters  (10,000X) 


Figure  30.  Type  V  cement,  hydrated  at  0.5  W/C.  Specimen  aged  28  days 
At  this  age  most  of  the  specimen  was  massive  and  amorphous  (500X) 


Figure  31.  Type  V  cement,  hydrated  at  0.5  W/C.  Specimen  aged  28  days. 
Center  of  Figure  30  showing  rods  of  ettringite  (?)  engulfed  by  calcium 

hydroxide  (10,000X) 


Figure  36.  Type  K  cement,  hydrated  at  0.5  W/C.  Specimen  aged  28  days. 
Upper  center  part  of  Figure  35  shows  growth  of  ettringite  both  parallel 
and  normal  to  grain  surface  (20,000X) 


Table  1 

Analysis  of  Alite  Clinker 


CaO 

sio2 

A12°3 

Fe2°3 

MgO 

S°3 

Loss  on  Ignition 
Alkalies  -  Total  as  Na20 
Insoluble  Residue 
Total 


Mas: 

_ % 

70. 
24  .t 
0.1 
0.1 
2.1 
0.1 
0.! 
0.< 
o.: 

99.1. 


Calculated  Compounds 

% 

C3S 

94.3 

c2s 

0.0 

C3A 

0.8 

C.AF 

4 

2.4 

Tota! 

L  97.5 

Total 


Chemical  Data 


CaO 

Si02 

AI2O3 

Fe203 

MgO 

SO3 

Loss  on  Ignition 
Alkalies  -  Total  as  Na20 
Na20 
K2O 

Insoluble  Residue 

Calculated  Compounds 

C3S 

C2S 

C3A 

C4AF 

_ Physical  Tests _ 

Surface  Area,  cra^/g  (A.P.) 
Air  Content 

Compressive  Strength,  psi 
3  day 
7  day 

Autoclave  Expansion 
Initial  Set,  hr:min 
Final  Set,  hr:min 


*  Average  of  four  deterrainat: 

**  Single  determination. 


Mass . _ % 


63.2  (63.2-63.4)  '  ^ 

20.6  (20.4-20.6)  A: 

6.7  (6. 5-6.9) 

2.3  (2. 2-2.4) 

3.0  (2. 9-3.0) 

2.3  (2. 2-2. 4) 

0.6  (0.5-0. 6) 

1.03* ** 

0.40** 

0.96** 

0.26  (0.17-0.34) 


46.4  (44.4-49.8) 
24.2  (20.9-25.6) 
13.8  (13.2-14.5) 
7.0  (6. 7-7.3) 


3290  (3200-3410) 
9.0  (8. 9-9.1) 

3150  (3140-3160) 
4050  (4020-4110) 
0.48  (0.48-0.49) 
3:03  (3:00-3:05) 
5:17  (5:10-5:20) 


Table  3 


Chemical  Analysis  and  Physical  Tests  of  a  Type  V  Cement 


Mass,  /* 


Chemical  Data 


CaO 

65.3 

(65.3-65.4) 

Si02 

21.8 

(21.6-22.0) 

AI2O3 

3.2 

(3. 2-3. 3) 

Fe203 

4.5 

(4. 5-4. 6) 

MgO 

2.0 

(1.9-2. 1) 

S03 

1.9 

Loss  on  Ignition 

0.8 

(0. 7-0.8) 

Alkalies  -  Total  as  Na20 

0.43 

(0.42-0.45) 

Na20 

0.28 

(0.28-0.29) 

k2° 

0.23 

(0.21-0.24) 

Insoluble  Residue 

0.14 

(0.09-0.23) 

Calculated  Compounds 

C3S 

66.9 

(65.3-68.1) 

c2s 

12.0 

(10.6-13.8) 

c3a 

0.9 

(0.7-1. 1) 

c4af 

13.8 

(13.7-14.0) 

Physical  Data 

Surface  Area,  cm^/g  (A.P.) 

3360 

(3305-3420) 

Air  Content 

7.5 

(7. 2-7.9) 

Compressive  Strength,  psi** 

7  day 

4000 

(3710-4220) 

28  day 

5420 

(5330-5620) 

Autoclave  Expansion! 

-0.02 

Initial  Set,  hr:min 

3:30 

(3:25-3:40) 

Final  Set,  hr:min  6:08  (6:05-6:15) 


Chemical  Tests 


CaO 

Si02 

AI2O3 

Fe203 

MgO 

SO3 

Loss  on  Ignition 
Insoluble  Residue 
Total  Alkalies  as  Na20 
Na20 
K20 

Physical  1'ests  _ 

Heat  of  Hydration,  cal/g 
1  day 
3  days 
7  days 

Surface  Area,  cm^/g 
Specific  Gravity 


57.6 

14.6 
8.4 
1.6 
2.7 

12.4 
1.9 
1.09 
0.47 
0. 15 
0.49 


51 

70 

79 

4240 

3.04 


Table  5 

Alite  and  Hydration  Products  at  M/C  =0.5 
by  X-Ray  Diffraction 


At  Ages  in  Days  Shown 


Constituents 

Original 

1 

3 

7 

28 

56 

Alite 

Predominant 

X 

X 

X 

X 

X 

Belite 

Minor 

X 

X 

— 

— 

-- 

C3A 

Minor 

X 

— 

— 

— 

— 

MgO 

Minor 

X 

X 

X 

X 

— 

Calcium  hydroxide 

X 

X 

X 

X 

X 

CSH 

7 

X 

X 

X 

X 

C^AHj  3 

— 

7 

7 

7 

Changes  in  Intensity  of  Strong 

Lines,  in  Chart  Units 

d , A*  1=100 

Alite 

1.76  61 

51.5 

35 

30 

20 

14 

Alite  and  some  Belite 

2.18  58.5 

48 

31.5 

28 

19 

13 

Belite 

2.88  3.5 

— 

— 

— 

— 

— 

MgO 

2.10  13 

8.5 

7 

6.5 

** 

— 

Calcium  hydroxide 

4.92  12.0 

57.5 

65.5 

73 

t 

70 

CSH 

2.35 

4.5 

7 

7.5 

11 

15 

*  Original  intensities 

in  the  unhydrated  material 

except 

:  for 

the 

cal- 

cium  hydroxide  and  CSH  intensities  which  were  measured  initially  in 
the  1-day  specimen. 

**  Read  7.5;  probably  one  or  more  large  crystals  and  consequent  excess 
intensity. 

Sample  too  short  for  valid  intensities  below  20  deg  2-theta. 
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Table  7 


A  Type  I 

Cement  and  Its  Hydration 

Products 

at  W/C  =  0.5 

Constituents 

at  Ages  in 

Constituents , 

Original 

Days 

Shown 

Cement 

Cement 

1 

3 

7 

28 

Alite 

Major 

X 

X 

X 

X 

Belite 

Intermediate 

X 

X  Masked 

Masked 

c3a 

Minor* 

X 

X  Masked 

Masked 

Aluminof errite 

Minor 

X 

X 

X 

X 

MgO 

Trace 

X 

X 

X 

X 

Gypsum 

Minor 

— 

— 

— 

— 

Hydration  Products 

Ettringite 

X 

X 

X 

X 

X 

C4ASH3  2 

— 

X 

X 

X 

X 

8.7A  to  7.6A  material** 

— 

X 

X 

X 

X 

Calcium  hydroxide 

— 

X 

X 

X 

X 

Hydrogarnet 

— 

— 

X 

X 

X 

CSHt 

— 

— 

— 

X 

X 

Changes  in  Intensity  of  Strong  Lines 
in  Chart  Units 


d ,  A 

I 

I 

3 

7 

28 

Alite 

1.76 

40 

32 

13.5 

13 

5 

Alite  and  Belite 

2.18 

37.5 

27.5 

18 

14 

8 

c  3a 

1.555 

15.5 

8 

Masked  by  calcium 
hydroxide 

Aluminoferr ite 

7.3 

10.5 

7.5 

6 

4 

4 

MgO 

2.10 

11 

ft 

11 

9.5 

9.5 

Gypsum 

7.6 

19 

— 

— 

— 

— 

Ettringite 

9.7 

7 

12 

3 

2* 

2* 

C4ASH12 

8.9 

— 

23 

25 

26.5 

28 

Calcium  hydroxide 

4.9 

— 

42.5 

46.5 

46 

47.5 

CSH 

2.85 

— 

5 

5.5 

6.5 

10.5 

*  One  line  remaining. 

**  A  hump  continuous  with  the  8.9-A  line  of  C4ASH32>  containing  several 
tet racalc iura  aluminate  hydrates  such  as  tetracalcium  aluminate  hy¬ 
droxy-sulfate  hydrate,  tetracalcium  aluminate- 13-hydrate ,  tetracalcium 
aluminate  heraicarbonate-12-hydrate,  tetracalcium  aluminate  monocarbonate 
1 1-hydrate. 

■  Recognized  as  an  increase  in  background  between  26  and  36  degrees 
two-theta,  at  a  maximum  near  3.06A. 

t-*  Excess  intensity  probably  arising  from  one  or  more  large  crystals. 


Table  8 

Type  V  Cement  and  Its  Hydration  Products 
at  W/C  =  0.5 


Original 

At 

Ages  in  Days 

Shown 

Constituents* 

Cement 

1 

3 

7 

28 

Alite 

Maj  or 

X 

X 

X 

X 

Belite 

Minor 

X 

X 

nd 

nd 

Aluminoferrite 

Intermediate 

X 

X 

X 

X 

Gypsum 

Minor 

— 

— 

— 

— 

CaSO^- 0. 5H20 

Minor 

— 

— 

— 

— 

Ettringice 

Trace 

X 

X 

X 

X 

Calcite 

Trace 

— 

— 

— 

— 

C4AH13  (?) 

— 

— 

X 

X 

— 

C4AC0.5H12  (?) 

— 

X 

— 

— 

X 

c4achu  (?) 

— 

— 

— 

— 

X 

Calcium  Hydroxide 

— 

X 

X 

X 

X 

CSH 

— 

X 

X 

X 

X 

Changes  in 

Intensity  of 

Strong 

Lines 

in  Chart  UniLs 

d,A 

I 

Alite 

1.76 

37 

30 

19.5 

8 

4 

Alite  and  Belite 

2.18 

37.5 

26 

18.5 

10.5 

8.5 

Aluminoferrite 

7.3 

13 

10 

8.5 

8.5 

7 

Ettringite 

9.7 

— 

12.5 

12.5 

12 

11 

Gypsum 

7.6 

13.5 

— 

— 

— 

— 

Calcium  hydroxide 

A. 9 

— 

41 

38 

54 

44 

CSH 

2.85 

— 

6 

7 

7 

10 

*  C^A  was  not  detected. 
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Possible  traces  of  C3AH6  and  of  quartz  were  observed  in  the  cement 
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